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Carbon  supported  Pt  and  Pt-Ni  (1:1)  nanoparticles  were  prepared  by  reduction  of  metal  precursors  with 
NaBH4.  XRD  analysis  indicated  that  only  a  small  amount  of  Ni  alloyed  with  Pt  (Ni  atomic  fraction  in  the 
alloy  about  0.05).  The  as-prepared  catalysts  were  submitted  to  chronoamperometry  (CA)  measurements 
to  evaluate  their  activity  for  the  oxygen  reduction  reaction  (ORR).  CA  measurements  showed  that  the  ORR 
activity  of  the  as-prepared  Ni-containing  catalyst  was  higher  than  that  of  pure  Pt.  Then,  their  stability 
was  studied  by  submitting  these  catalysts  to  durability  tests  involving  either  30  h  of  constant  potential 
(CP,  0.8  V  vs.  RHE)  operation  or  repetitive  potential  cycling  (RPC,  1000  cycles)  between  0.5  and  1.0  V  vs. 
RHE  at  20  mV  s_1 .  After  30  h  of  CP  operation  at  0.8  V  vs.  RHE,  loss  of  all  non-alloyed  Ni,  partial  dissolution 
of  the  Pt-Ni  alloy  and  an  increase  of  the  crystallite  size  was  observed  for  the  Pt-Ni/C  catalyst.  The  ORR 
activity  of  the  Pt-Ni/C  catalyst  was  almost  stable,  whereas  the  ORR  activity  of  Pt/C  slightly  decreased  with 
respect  to  the  as-prepared  catalyst.  Loss  of  all  non-alloyed  and  part  of  alloyed  Ni  was  observed  for  the 
Pt-Ni/C  catalyst  following  repetitive  potential  cycling.  Conversely  to  the  results  of  30  h  of  CP  operation  at 
0.8  V  vs.  RHE,  after  RPC  the  ORR  activity  of  Pt-Ni/C  was  lower  than  that  of  both  as-prepared  Pt-Ni/C  and 
cycled  Pt/C.  This  result  was  explained  in  terms  of  Pt  surface  enrichment  and  crystallite  size  increase  for 
the  Pt-Ni/C  catalyst. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Platinum  catalysts  still  serve  as  state  of  the  art  electrocatalysts 
in  low  temperature  polymer  electrolyte  fuel  cells  (PEMFCs)  [1]. 
However,  due  to  kinetic  limitations  of  the  oxygen  reduction  reac¬ 
tion  (ORR)  the  cathodic  overpotential  losses  amount  to  0.3-0.4V 
under  typical  PEMFC  operating  conditions  [1  ].  The  reduction  of  the 
cathodic  cell  voltage  losses  requires  the  development  of  an  ORR 
catalyst  more  active  than  platinum.  The  alloys  of  transition  met¬ 
als,  such  as  V,  Cr,  Co,  Ti  and  Ni,  with  platinum  have  been  found  to 
exhibit  significantly  higher  electrocatalytic  activities  towards  the 
oxygen  reduction  reaction  than  platinum  alone  in  low  temperature 
fuel  cells  [2-11  ].  The  improvement  in  the  ORR  electrocatalysis  of  Pt- 
alloys  has  been  ascribed  to  different  structural  changes  caused  by 
alloying.  Jalan  and  Taylor  [2]  claimed  that  the  increased  Pt  catalytic 
activity  observed  for  Pt-alloys  is  related  to  the  shortening  of  the 
Pt-Pt  interatomic  distance.  Paffett  et  al.  [4]  ascribed  the  enhance¬ 
ment  of  ORR  activity  on  the  alloys  to  surface  roughening,  caused 
by  the  dissolution  of  the  more  oxidisable  alloying  component.  Min 
et  al.  [9]  and  Mukerjee  et  al.  [12]  attributed  the  improvement  of  Pt 
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catalytic  activity  to  combined  electronic  (Pt  d-band  vacancy)  and 
geometric  (Pt-Pt  bond  distance)  effects.  Recently,  Stamenkovic  et 
al.  [13,14]  attributed  the  enhancement  of  the  catalytic  activity  for 
ORR  on  Pt3Ni  and  Pt3Co  surface  alloys  to  the  inhibition  of  Pt-OHad 
formation  on  Pt  sites  surrounded  by  “oxide”-covered  Ni  and  Co 
atoms. 

Various  studies  focused  on  the  ORR  activity  of  both  bulk  and 
carbon  supported  Pt-Ni  catalysts.  Drillet  et  al.  [15]  studied  the  elec¬ 
trochemical  oxygen  reduction  reaction  at  Pt  and  Pt  alloyed  with 
30  at.%  Ni  in  1  M  H2S04  by  means  of  rotating  disc  electrode.  Unsup¬ 
ported  Pt70Ni30  catalyst  was  prepared  by  melting  together  Pt  and 
Ni  pellets  in  a  vacuum  arc.  They  found  that  in  pure  sulphuric  acid, 
the  overpotential  of  ORR  at  1  mAcnrr2  is  about  80  mV  lower  at 
Pt70Ni30  than  at  pure  Pt.  Toda  et  al.  [8]  studied  the  ORR  activity 
in  perchloric  acid  solution  of  bulk  Pt  alloys  with  Ni,  Co  and  Fe  at 
room  temperature.  Maximum  activity  was  observed  at  ca.  30%,  40% 
and  50%  content  of  Ni,  Co  and  Fe,  respectively,  by  which  10, 15  and 
20  times  larger  kinetic  current  densities  than  that  of  pure  Pt  were 
attained.  By  X-ray  photoelectron  spectroscopy  (XPS)  measurements 
they  found  that  Ni,  Co  or  Fe  disappeared  from  all  the  alloy  surface 
layers  and  the  active  surfaces  were  covered  by  a  Pt  skin  of  a  few 
monolayers.  The  authors  ascribed  the  high  ORR  activity  of  these 
catalysts  to  the  modification  of  the  electronic  structure  of  the  Pt 
skin  layer  originating  from  that  of  the  bulk  alloys.  More  recently, 
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the  temperature  dependence  of  ORR  activity  on  the  same  bulk  alloy 
catalysts  in  0.1  M  HCIO4  solution  from  20  to  90  °C  was  investigated 
by  the  same  research  group  [16].  They  found  that  in  the  temper¬ 
ature  range  of  20-50  °C  the  apparent  rate  constants  /<app  for  ORR 
at  Pt-M  electrodes  were  2.4-4  times  larger  than  that  on  a  pure  Pt 
electrode.  The  /<app  values  at  the  alloy  electrodes  decreased  when 
elevating  the  temperature  above  60  °C,  and  settled  to  almost  the 
same  values  as  on  the  Pt  electrode.  Mukerjee  et  al.  [6,12]  stud¬ 
ied  the  electrocatalysis  of  oxygen  reduction  on  carbon  supported 
Pt-Ni  and  other  Pt-based  binary  alloys  in  the  atomic  ratio  Pt:M  =  3 : 1 
in  polymer  electrolyte  fuel  cells.  They  found  a  two-  to  threefold 
enhancement  of  the  ORR  activity  on  these  alloy  catalysts  compared 
to  pure  Pt.  Paulus  et  al.  [10]  investigated  the  ORR  activity  of  com¬ 
mercial  Pt-Ni/C  catalysts  in  the  Pt:Ni  atomic  ratio  75:25  and  50:50. 
Kinetic  analysis  in  comparison  to  pure  Pt  revealed  a  small  activ¬ 
ity  enhancement  (per  Pt  surface  atom)  of  ca.  1.5  for  the  25  at.%  Ni 
catalyst.  The  50  at.%  Ni  catalyst,  instead,  was  less  active  than  the 
Pt  standard  and  unstable  at  oxygen  electrode  potentials.  Yang  et 
al.  [17]  investigated  the  effect  of  the  composition  on  ORR  activity  of 
Pt-Ni  alloy  catalysts  prepared  by  a  Pt-carbonyl  route.  The  maximum 
activity  of  the  Pt-based  catalysts  was  found  with  ca.  30-40  at.%  Ni 
content  in  the  alloys,  corresponding  to  a  Pt-Pt  mean  interatomic 
distance  from  ca.  0.2704  to  0.2724  nm.  Thus,  the  authors  concluded 
that  the  high  activity  of  these  catalysts  for  the  ORR  comes  from  the 
favorable  Pt-Pt  mean  interatomic  distance  caused  by  nickel  alloying 
and  the  disordered  surface  structures  induced  by  the  particle  size. 

Electrode  durability  is  an  important  factor  limiting  the  commer¬ 
cialization  of  PEMFCs.  Metal  particle  sintering,  metal  dissolution 
and  carbon  support  corrosion  all  contribute  to  cathode  catalyst 
degradation.  The  results  of  the  different  tests  on  the  stability  of 
Pt-M  alloy  catalysts  in  fuel  cell  conditions  and  the  consequences 
on  the  electrocatalytic  activity  and  cell  performance  have  been 
reviewed  by  Antolini  et  al.  [18].  It  has  to  be  underlined,  however, 
that  the  operating  environment  of  the  polymer  electrolyte  fuel  cells 
is  not  nearly  as  severe  as  that  of  the  PAFCs,  then  a  better  stability  of 
these  alloy  catalysts  in  the  PEFC  environment  would  be  expected. 
As  a  consequence,  evaluating  durability  in  PEM  fuel  cells  requires 
longer  testing  times.  Colon-Mercado  et  al.  [19]  developed  an  accel¬ 
erated  durability  test  to  evaluate  the  long-term  performance  of 
Pt3Ni  catalysts.  They  found  that  a  strong  correlation  exists  between 
the  amount  of  Ni  dissolved  and  the  oxygen  reduction  activity  of  the 
catalyst. 

In  this  laboratory,  Pt-Co  and  Pt-Ni  catalysts  have  been  studied 
and  found  more  active  than  Pt  for  the  ORR.  Also,  they  were  found 
more  tolerant  to  methanol  in  DMFCs.  However,  there  was  some  con¬ 
cern  about  the  stability  and  durability  of  those  materials  and  the 
effects  of  degradation  on  activity,  so  a  first  study  of  these  aspects 
was  carried  out  recently  with  Pt-Co  materials  [20].  Following  this 
line  of  research,  in  the  present  work  we  have  prepared  carbon  sup¬ 
ported  Pt  and  Pt-Ni  (Pt:Ni  nominal  atomic  ratio  1:1)  catalysts  by 
reduction  of  Pt  and  Ni  precursors  with  NaBH4  at  room  tempera¬ 
ture,  to  avoid  the  sintering  of  metal  particles  that  takes  place  when 
the  synthesis  of  the  catalyst  is  carried  out  at  high  temperatures  [21  ]. 
Then,  accelerated  durability  tests,  as  30  h  of  constant  potential  (CP) 
operation  at  0.8  V  vs.  RHE  and  repetitive  potential  cycling  (RPC)  in 
the  range  0.5-1.0  V  vs.  RHE  were  carried  out  on  these  catalysts  to 
evaluate  their  long-term  performance. 


2.  Experimental 

Carbon  supported  Pt  and  Pt-Ni  (nominal  Pt:Ni  atomic  ratio  1:1) 
electrocatalysts  were  prepared  by  a  low  temperature  method,  using 
sodium  borohydride  as  the  reducing  agent.  High  surface  area  carbon 
(Vulcan  XC-72R,  Cabot,  240  m2  g-1 )  was  impregnated  with  a  solu¬ 
tion  of  chloroplatinic  acid  (H2PtCl6-6H20,  Johnson  Matthey)  and,  in 


the  case  of  Pt-Ni,  nickel  hydroxide  (Ni(0H)2-6H20,  Aldrich)  solu¬ 
tion.  The  metals  were  then  reduced  at  room  temperature  with  a 
sodium  borohydride  solution,  which  was  slowly  added  to  the  pre¬ 
cursor  solution  under  sonication.  The  material  was  20wt.%  metal 
on  carbon. 

The  atomic  ratio  of  the  Pt-Ni/C  catalysts  was  determined  by  the 
EDX  technique  coupled  to  a  scanning  electron  microscope  LEO  Mod. 
440  with  a  silicon  detector  with  Be  window  and  applying  20  keV. 

X-ray  diffractograms  of  the  electrocatalysts  were  obtained  in  a 
universal  diffractometer  Carl  Zeiss-Jena,  URD-6,  operating  with  Cu 
Ka  radiation  (A  =  0.15406  nm)  generated  at  40  kV  and  20  mA.  Scans 
were  done  at  3  min-1  for  20  values  between  20  and  100°.  It  has 
to  be  remarked  that  the  XRD  measurements  on  as-prepared  and 
thermally  treated  catalysts  were  carried  out  on  the  catalyst  powder, 
whereas  the  XRD  analysis  on  the  catalysts  submitted  to  RPC  were 
carried  out  on  the  electrode.  The  lattice  parameters  were  obtained 
from  the  Pt  (3  1 1 )  peaks.  The  crystallite  sizes  were  obtained  from 
the  Pt  (2  2  0)  reflexion. 

In  situ  X-ray  absorption  spectroscopy  (XAS)  measurements 
were  performed  in  the  Pt  Lm  absorption  edges,  using  a  spectro- 
electrochemical  cell  [22].  The  working  electrodes  consisted  of 
pellets  formed  with  the  dispersed  catalysts  agglutinated  with  PTFE 
(ca.  40  wt.%)  and  containing  6  mg  cm-2.  The  counter  electrode  was 
a  Pt  screen.  This  electrode  was  cut  in  the  center,  in  order  to  allow  the 
free  passage  of  the  X-ray  beam.  Prior  to  the  experiments,  the  work¬ 
ing  electrodes  were  soaked  in  the  electrolyte  for  at  least  48  h.  XAS 
experiments  were  carried  out  at  0.8  V  vs.  RHE,  after  conditioning 
the  electrodes  by  cycling  between  0.5  and  1.0  V  vs.  RHE.  Results  pre¬ 
sented  here  correspond  to  the  average  of  at  least  two  independent 
measurements. 

All  the  XAS  experiments  were  conducted  at  the  D04B-XAS1 
beam  line  in  the  Brazilian  Synchrotron  Light  Laboratory  (LNLS), 
Brazil.  The  data  acquisition  system  for  XAS  comprised  three  ion¬ 
ization  detectors  (incidence  /0,  transmision  Jt  and  reference  Jr).  The 
reference  channel  was  employed  primarily  for  internal  calibration 
of  the  edge  positions  by  using  a  foil  of  the  pure  metal.  Nitrogen 
was  used  in  the  J0,  It  and  Jr  chambers.  Owing  to  the  low  critical 
energy  of  the  LNLS  storage  ring  (2.08  keV),  third-order  harmonic 
contamination  of  the  Si  (1 1 1 )  monochromatic  beam  is  expected  to 
be  negligible  above  5  eV  [23]. 

The  computer  program  used  for  the  analysis  of  the  XAS  data  was 
the  WinXAS  package  [24].  The  data  analysis  was  done  according  to 
procedures  described  in  detail  in  the  literature  [25,26].  Briefly,  the 
X-ray  absorption  near-edge  structure  (XANES)  spectra  were  first 
corrected  for  the  background  absorption  by  fitting  the  pre-edge 
data  (from  -60  to  -20  eV  below  the  edge)  to  a  linear  formula  from 
the  data  over  the  energy  range  of  interest.  Next,  the  spectra  were 
calibrated  for  the  edge  position  using  the  second  derivative  of  the 
inflection  point  at  the  edge  jump  of  the  data  from  the  reference 
channel. 

In  order  to  test  the  electrochemical  behaviour  in  sulphuric  acid, 
the  electrocatalysts  were  used  to  make  two  layer  gas  diffusion 
electrodes  (GDEs).  A  diffusion  layer  was  made  with  carbon  pow¬ 
der  (Vulcan  XC-72R)  and  30  wt.%  polytetrafluoroethylene  (PTFE) 
and  applied  over  a  carbon  cloth  (PWB-3,  Stackpole).  On  top  of 
this  layer,  the  electrocatalyst  was  applied  in  the  form  of  a  homo¬ 
geneous  dispersion  of  Pt-Ni/C,  or  Pt/C,  Nafion®  solution  (5  wt.%, 
Aldrich)  and  isopropanol  (Merck).  All  electrodes  were  made  to  con¬ 
tain  0.4  mg  cm-2  of  metal. 

Cyclic  voltammograms  and  linear  sweep  voltammograms  (LSV) 
were  recorded  in  a  single  cell  in  0.5  M  H2S04  solution.  Argon  (White 
Martins)  was  passed  for  30  min  to  eliminate  oxygen.  Gas  diffusion 
electrodes  containing  Pt/C  and  Pt-Ni/C  electrocatalysts  were  used 
as  working  electrodes.  A  hydrogen  electrode  was  used  as  reference 
and  a  platinum  foil  electrode  as  auxiliary.  The  CVs  were  recorded 
in  the  range  0.5-1.0  V  vs.  a  reversible  hydrogen  electrode  (RHE)  at  a 
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scan  rate  of  20  mV  s-1 .  The  number  of  cycles  was  1000.  The  electro¬ 
chemical  half  cell  was  built  in  PTFE  with  a  volume  of  approximately 
70  mL.  After  the  voltammetric  study,  oxygen  was  passed  for  30  min 
to  saturate  the  solution. 

Chronoamperometry  (CA)  experiments  were  performed  at  room 
temperature  at  0.8  V  for  3600  s.  The  experiments  were  done  at  room 
temperature  with  a  1285  A  Solartron  Potentiostat  connected  to  a 
personal  computer  and  using  the  software  CorrWare  for  Windows 
(Scribner).  Regarding  the  durability  tests  of  30  h  of  constant  poten¬ 
tial  operation  at  0.8  V,  changes  in  the  composition  of  the  H2S04 
solution,  indicative  of  metal  dissolution,  were  observed  after  5  h  of 
testing. 

Two  types  of  constant  potential  (CP)  experiments  were  carried 
out  at  0.8  V  also  in  a  0.5  M  H2SO4  solution.  Normal  chronoam¬ 
perometry  (CA)  was  performed  for  3600  s  to  test  the  activity  of 
the  catalysts  under  quasi-steady  state  conditions.  Extended  experi¬ 
ments  for  30  h  were  performed  separately  to  evaluate  the  durability 
of  the  catalysts.  In  this  case,  every  5  h  of  testing  the  H2SO4  solution 
in  the  cell  was  changed  by  a  fresh  one  and  submitted  to  atomic 
absorption  analysis  to  determine  Pt  and  Ni  eventually  dissolved. 
Atomic  adsorption  (AA)  determinations  were  carried  out  using  an 
Atomic  Adsorption  Spectrophotometer  EIITACEII  Z-8100. 

The  sequence  of  experiments  in  this  work  was  as  follows.  The  as- 
prepared  catalysts  were  submitted  to  CA  experiments  in  an  oxygen- 
saturated  solution  to  evaluate  the  activity  for  the  ORR.  Next,  under 
an  inert  argon  atmosphere,  they  were  submitted  to  durability  tests 
involving  either  30  h  of  constant  potential  (0.8  V  vs.  REIE)  operation 
or  repetitive  potential  cycling  (1000  cycles)  between  0.5  and  1.0  V 
vs.  REIE  at  20  mV  s-1 .  After  the  durability  test,  the  solution  was  again 
saturated  with  oxygen  and  CA  experiments  were  performed  again. 

3.  Results  and  discussion 

3.1.  Characterization  of  the  materials 

The  EDX  compositions  of  the  carbon  supported  electrocatalysts, 
as-prepared  and  following  the  stability  tests,  are  reported  in  Table  1. 
The  value  of  Pt:Ni  atomic  ratio  of  the  as-prepared  catalyst  was 
45:55,  near  to  the  nominal  composition.  After  both  stability  tests 
Ni  content  in  the  catalyst  considerably  decreased. 

Fig.  1  shows  the  XRD  pattern  of  as-prepared  carbon  supported 
Pt  and  Pt-Ni  electrocatalysts,  and  of  Pt-Ni/C  following  the  stability 
tests.  All  the  XRD  patterns  show  the  five  main  reflexions  corre¬ 
sponding  to  the  planes  (111),  (2  0  0),  (2  2  0),  (31  1)  and  (2  2  2), 
characteristic  of  the  face-centered  cubic  (fee)  structure  of  Pt.  In 
the  binary  Pt-Ni  electrocatalysts  these  five  diffraction  peaks  were 
shifted  to  higher  values  of  26,  which  is  indicative  of  a  contraction 
of  the  lattice,  due  to  the  alloy  formation  between  Pt  and  Ni.  No 
characteristic  peaks  of  metallic  Ni  or  Ni  oxides  were  detected,  but 
their  presence  cannot  be  discarded  because  they  may  be  present  in 
a  small  amount  or  even  in  an  amorphous  form.  The  lattice  param¬ 
eters  of  all  the  catalysts  are  given  in  Table  1 .  It  is  known  that  in  the 
composition  range  from  0  to  50  at.%  Pt  and  Ni  form  a  substitutional 
continuous  solid  solution  and  two  ordered  phases  [27].  The  depen¬ 
dence  of  the  lattice  parameter  of  unsupported  Pt-Ni  alloys  on  Ni 


Fig.  1.  XRD  diffractograms  of  as-prepared  Pt/C  and  Pt-Ni/C,  and  tested  Pt-Ni/C  elec¬ 
trocatalysts. 

contents  follows  Vegard’s  law  and  is  reported  in  Ref.  [28].  On  this 
basis,  the  Ni  atomic  fraction  in  the  Pt-Ni  alloy  (x)  was  evaluated  by 
the  relationship: 


where  a0  and  as  are  the  lattice  parameters  of  Pt  (0.3919  nm)  and 
Pt3Ni  (0.382  nm  [28]),  and  xs  is  the  Ni  atomic  fraction  (0.25)  in  the 
Pt3Ni  catalyst.  The  amount  of  alloyed  Ni  was  estimated  to  be  about 
5.2  at.%  for  the  as-prepared  Pt-Ni/C  catalyst,  i.e.  a  poor  degree  of 
alloying  was  obtained.  From  these  results,  it  can  be  inferred  that 
in  the  as-prepared  Pt-Ni/C  electrocatalyst  most  of  the  nickel  is  in 
a  non-alloyed  form  (as  Ni  metal  or  NiOx  species).  Regarding  the 
Pt-Ni  catalysts  prepared  by  reduction  of  Pt  and  Ni  precursors  with 
NaBEl4  at  room  temperature,  it  seems  that  the  amount  of  Ni  alloyed 
is  independent  of  the  Ni  content  in  the  catalyst,  as  shown  in  Fig.  2, 
where  the  lattice  parameter  of  Pt-Ni  catalysts  (this  work  and  Refs. 
[29,30]),  all  prepared  by  reduction  of  Pt  and  Ni  precursors  with 
NaBEl4  at  room  temperature,  is  plotted  against  the  EDX  composi- 
tion.Following  both  stability  tests,  the  Ni  content  in  the  alloy  was 
almost  the  same  than  that  in  the  as-prepared  catalyst,  indicating 
the  absence  of  Ni  de-alloying  during  durability  tests.  In  particular, 
after  30  h  of  constant  potential  operation  at  0.8  V,  the  XRD  com¬ 
position  was  the  same  than  the  EDX  composition.  The  amount  of 
Ni  and  Pt  lost  to  the  solution  during  the  durability  test  at  constant 
potential  was  obtained  from  atomic  absorption  analysis,  and  led  to 
the  conclusion  that  the  most  part  of  Ni  loss  (>85%),  coming  overall 
from  non-alloyed  Ni,  occurs  in  the  first  7  h  of  the  operation  test,  as 
shown  in  Fig.  3,  where  the  amount  of  Ni  and  Pt  loss,  relative  to  the 
total  metal  loss,  is  plotted  against  CP  operation  time.  Above  7  h  of 
CP,  Pt  and  Ni  loss  almost  linearly  increased  with  operation  time: 
this  result  indicates  that  metal  loss  comes  from  the  dissolution  of 
the  Pt-Ni  alloy.  Following  repetitive  potential  cycling,  instead,  the 
Pt/Ni  atomic  ratio  by  XRD  was  higher  than  Pt/Ni  by  EDX.  This  could 
reveal  the  loss  of  all  non-alloyed  Ni,  and  dissolution  of  part  of  the 


Table  1 

EDX  composition,  lattice  parameter,  Ni  atomic  fraction  in  the  alloy  from  Eq.  (1)  (xNi)  and  crystallite  size  of  Pt/C  and  Pt-Ni/C  catalysts,  as-prepared  and  after  durability  tests. 


Data  for  Pt/C  after  RPC  from  Ref.  [20]. 
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Fig.  2.  Pt-Ni  lattice  parameter  vs.  EDX  composition.  The  values  of  the  lattice  param¬ 
eter  for  the  EDX  compositions  of  13%  and  29%  were  reported  in  Ref.  [28],  and  for  the 
EDX  composition  of  30%  in  Ref.  [29].  Dashed  line:  lattice  parameter  vs.  Ni  content  in 
the  alloy  according  to  Vegard’s  law,  from  Ref.  [26]. 

Pt-Ni  alloy,  with  reprecipitation  of  Pt  (but  not  of  Ni)  on  the  catalyst 
surface,  as  observed  in  the  case  of  cycled  Pt-Co/C  [20]. 

The  crystallite  size  of  as-prepared  Pt-Ni/C  and  Pt/C,  and  tested 
Pt-Ni/C,  calculated  from  XRD  measurements,  is  reported  in  Table  1. 
The  crystallite  size  of  as-prepared  Pt-Ni/C  was  slightly  lower  than 
that  of  Pt/C.  After  durability  tests  an  increase  of  15-20%  of  crystallite 
size  was  observed. 

Fig.  4a  shows  the  XANES  spectra  at  the  Pt  L3  edge  at  0.8  V  for  the 
as-prepared  Pt-Ni/C  and  Pt/C  electrocatalysts,  and  for  the  reference 
Pt  foil.  A  significantly  higher  intensity  of  the  Pt  L3  white  line  of  Pt/C 
compared  to  Pt-Ni/C  and  the  reference  Pt  foil  was  observed.  Nor¬ 
mally,  the  intensity  of  the  Pt  L3  edge  increases  with  the  increase  in 
Pt  d-band  vacancy,  in  this  case  due  to  the  adsorption  of  oxygenated 
species  [31].  The  affinity  of  OH  chemisorption  on  Pt  depends  on 
both  the  metal  particle  size  and  alloying.  It  is  known  that  there 
is  an  increase  in  the  affinity  of  OH  chemisorption  on  Pt  as  the 
metal  particle  size  decreases  [32]  and  the  amount  of  M  in  Pt-M 
also  decreases  in  Pt  alloys  [31  ].  It  has  to  be  remarked  that  the  ORR 
activity  decreases  with  an  increase  of  adsorption  of  OH  on  the  Pt 
active  sites  [33].  The  higher  value  of  the  Pt  d-band  vacancy  for  the 
Pt/C  catalyst  can  be  explained  on  the  basis  of  the  chemisorption  of 
oxygenated  species  from  the  electrolyte  solution  on  the  Pt  surface 
at  0.8  V  vs.  RHE.  In  the  alloy  catalysts  such  an  increase  in  the  Pt  d- 


Fig.  3.  Dependence  of  Pt  and  Ni  loss  on  the  operation  time  at  constant  potential. 


Fig.  4.  Pt  L3  XANES  spectra  at  0.8  V  for  carbon  supported  Pt  and  Pt-Ni  alloy  electro¬ 
catalysts  relative  to  a  Pt  reference  foil  in  0.5  mol  L-1  H2S04.  (a)  As-prepared  catalysts 
and  (b)  catalysts  after  repetitive  potential  cycling. 

band  vacancy  is  lower  than  in  Pt.  This  could  be  accounted  for  by 
the  lower  affinity  of  OH  chemisorption  on  Pt  in  the  Pt  alloys,  unlike 
that  on  the  Pt/C  electrocatalysts  [31  ].  Thus,  being  the  Pt-Ni  particle 
size  slightly  smaller  than  the  Pt  particle  size,  XANES  results  attest 
the  formation  of  a  Pt-Ni  alloy,  in  agreement  with  the  XRD  results. 
Fig.  4b  shows  the  XANES  spectra  at  the  Pt  L3  edge  at  0.8  V  for  the 
Pt-Ni/C  and  Pt/C  electrocatalysts  after  repetitive  potential  cycling. 
A  decrease  of  the  white  line  intensity  was  observed  for  Pt/C  with 
respect  to  the  as-prepared  catalyst,  due  to  the  increase  of  particle 
size.  On  the  contrary,  the  white  line  intensity  for  Pt-Ni/C  was  almost 
the  same  as  that  of  the  as-prepared  catalyst.  This  result  could  be 
ascribed  to  the  counteracting  effect  on  Pt  d-band  vacancy  of  parti¬ 
cle  growth  and  Pt  re-deposition  on  the  catalyst  surface  (see  below). 
The  Pt  L3  white  lines  of  Pt-Ni/C  and  Pt/C  after  repetitive  potential 
cycling  presented  no  substantial  difference. 

3.2.  Electrochemical  experiments 

3.2.1.  As-prepared  catalysts 

The  electrochemical  activity  for  oxygen  reduction  of  as-prepared 
Pt/C  and  Pt-Ni/C  catalysts  was  investigated  by  chronoamperometry 
(CA)  tests  at  0.8  V  vs.  RHE  for  3600  s  at  room  temperature,  and  the 
results  are  shown  in  Fig.  5.  It  can  be  clearly  seen  that  the  currents 
for  oxygen  reduction  on  both  the  catalysts  dropped  rapidly  at  first 
and  then  became  relatively  stable.  The  initial  surge  of  the  current 
is  possibly  due  to  the  charging  current.  As  can  be  seen  in  Fig.  5,  the 
steady  state  current  density  on  the  as-prepared  Pt-Ni/C  catalyst 
was  significantly  higher  than  that  on  Pt/C. 


348 


S.C.  Zignani  et  al.  /  Journal  of  Power  Sources  191  (2009)  344-350 


Fig.  5.  Chronoamperometry  test  for  oxygen  reduction  at  room  temperature  on  Pt/C 
and  Pt-Ni/C  electrocatalysts. 

3.2.2.  Extended  constant  potential  (CP)  experiments 

Chronoamperometry  measurements  carried  out  on  the  catalysts 
after  30  h  of  constant  potential  operation  at  0.8  V  vs.  RHE  indi¬ 
cated  that  for  the  Pt-Ni/C  the  steady  state  is  attained  after  longer 
time  than  for  Pt/C.  Fig.  6  shows  CA  curves  for  14,000  s  of  Pt/C  and 
Pt-Ni/C  after  30  h  of  constant  potential  test.  Compared  with  the  as- 
prepared  catalysts,  the  steady  state  current  density  at  0.8  V  from 
CA  decreased  by  17%  for  Pt/C  and  6%  for  Pt-Ni/C:  as  a  result,  the 
difference  between  the  steady  state  current  of  Pt-Ni/C  and  Pt/C 
increases,  particularly  after  the  first  hour  of  CP  test,  as  shown  in 
Fig.  7,  where  the  difference  in  the  steady  state  current  density  of 
Pt-Ni/C  and  Pt/C  is  plotted  against  constant  potential  operation 
time.  The  increase  of  the  particle  size  of  Pt/C  and  Pt-Ni/C  cata¬ 
lysts  following  30  h  of  CP  at  0.8  V  results  in  a  decrease  of  the  active 
surface  area  of  these  catalysts  with  respect  to  as-prepared  mate¬ 
rials.  This  decreases  the  activity  for  the  ORR  of  these  catalysts,  as 
observed  in  the  case  of  Pt/C.  On  the  other  hand,  the  presence  of  a 
high  amount  of  NiOx  decreases  the  ORR  activity  as  (1)  it  hinders 
the  02  flux  to  Pt  active  sites  and  (2)  being  nickel  oxide  an  insu¬ 
lator  material,  decreases  the  electrical  conductivity  of  the  catalyst 
layer.  On  this  basis,  the  dissolution  of  Ni  oxides  during  30  h  of  con¬ 
stant  potential  operation  should  enhance  the  ORR  activity  of  the 
Pt-Ni/C  catalyst,  counteracting  the  negative  effect  of  the  particle 
growth. 


Fig.  6.  Chronoamperometry  test  for  oxygen  reduction  at  room  temperature  on  Pt/C 
and  Pt-Ni/C  electrocatalysts  following  30  h  of  CP  operation  at  0.8  V. 


Fig.  7.  Difference  in  the  steady  state  current  density  of  Pt-Ni/C  and  Pt/C  vs.  constant 
potential  time. 

The  negative  effect  of  NiOx  presence  can  be  inferred  comparing 
the  linear  sweep  voltammetry  (LSV)  curves  before  and  after  30  h 
of  CA  at  0.8  V.  The  experimental  results  are  shown  in  Figs.  8  and  9, 
with  the  current  density  expressed  in  terms  of  the  geometric  sur¬ 
face  area.  Regarding  the  as-prepared  catalysts,  as  shown  in  Fig.  8, 
the  onset  potential  for  the  ORR  for  Pt/C,  at  about  850  mV,  was  about 
30  mV  higher  than  that  of  the  Pt-Ni  catalyst,  and  the  overpoten¬ 
tial  on  Pt-Ni/C  at  a  current  density  of  0.1  A  cm-2  was  about  30  mV 
higher  compared  to  that  on  Pt/C,  indicating  a  slightly  higher  ORR 
activity  of  Pt/C.  LSV  measurements  after  30  h  CA  at  0.8  V  (Fig.  9) 
indicated  that,  while  the  ORR  onset  potential  of  Pt/C  was  almost 
the  same  as  that  of  the  as-prepared  sample,  the  onset  potential  of 
Pt-Ni  was  about  45  mV  higher  than  that  of  the  as-prepared  cata¬ 
lyst.  Moreover,  the  overpotential  on  Pt-Ni/C  at  a  current  density 
of  0.1  A  cm-2  was  about  100  mV  lower  compared  to  that  on  Pt/C, 
indicating  a  higher  ORR  activity  of  Pt-Ni/C.  This  improvement  in 
the  ORR  activity  of  the  Ni-containing  catalyst,  as  reported  in  Fig.  7, 
likely  could  be  ascribed  to  the  loss  of  NiOx.  As  can  be  seen  in  Fig.  10, 
the  current  density  at  0.6  V  by  LSV  for  Pt-Ni  increases  with  time, 
particularly  in  the  first  hour  (30%)  and  this  behaviour  follows  the 
NiOx  loss,  which  occurs  in  the  first  part  of  the  test,  as  shown  in  Fig.  3. 
The  current  density  at  0.6  V  for  Pt/C,  instead,  is  quite  constant. 


Fig.  8.  Linear  sweep  voltammetry  measurements  at  room  temperature  in  0.5  M 
H2SO4  on  as-prepared  Pt-Ni/C  and  Pt/C  electrocatalysts.  Current  densities  normal¬ 
ized  with  respect  to  the  geometric  surface  area. 
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Fig.  9.  Linear  sweep  voltammetry  measurements  at  room  temperature  in  0.5  M 
H2SO4  on  Pt-Ni/C  and  Pt/C  electrocatalysts  following  30  h  CA  at  0.8  V.  Current  den¬ 
sities  normalized  with  respect  to  the  geometric  surface  area. 

3.2.3.  Catalysts  after  repetitive  potential  cycling  (RPC) 

As  reported  by  Borup  et  al.  [34],  the  ageing  test  by  repetitive 
potential  cycling  is  more  severe  than  under  steady-state  condi¬ 
tions.  As  mentioned  above,  from  EDX  and  XRD  measurements  it  was 
found  that  dissolution  of  not  only  non-alloyed  Ni  but  also  of  part 
of  the  Pt-Ni  alloy  takes  place.  Following  the  repetitive  potential 
cycling,  the  Pt-Ni/C  catalyst  presented  an  increase  of  the  crystal¬ 
lite  size  of  about  15%  with  respect  to  the  as-prepared  catalysts 
(see  Table  1).  The  growth  of  metal  particles  of  supported  cata¬ 
lysts  by  repetitive  potential  cycling  has  been  reported  [35-42]. 
Also  a  surface-enrichment  with  Pt  is  associated  with  the  potential 
cycling  technique  [41  ].  In  most  electrochemical  works  Pt  surface 
enrichment  is  regarded  in  terms  of  dissolution  of  the  less  noble 
component  of  the  alloy.  Based  on  results  obtained  by  EDX  and  XRD 
analyses,  it  can  be  supposed  that  the  dissolution  of  Ni  and  Pt  from 
small-size  alloy  particles  and  the  re-deposition  of  Pt  on  the  surface 
of  larger  particles  occurs.  Thus,  a  Pt  layer  is  formed  on  the  cata¬ 
lyst  surface  by  the  dissolution-re-deposition  process  of  Pt  (and  not 
of  Ni).  Fig.  11  shows  CA  curves  of  Pt/C  and  Pt-Ni/C  after  RPC.  By 
comparing  Figs.  5  and  11,  it  can  be  concluded  that  the  ORR  activity 
of  Pt-Ni/C  catalyst  following  RPC  is  lower  than  both  as-prepared 
Pt-Ni/C  and  cycled  Pt/C.  The  steady  state  current  density  at  0.8  V 
of  cycled  Pt-Ni/C  decreased  by  58%  with  respect  to  as-prepared 


Fig.  11.  Chronoamperometry  test  for  oxygen  reduction  at  room  temperature  on  Pt/C 
and  Pt-Ni/C  electrocatalysts  after  repetitive  potential  cycling. 


Pt-Ni/C  and  26%  with  respect  to  cycled  Pt/C.  This  result  depends  on 
the  negative  effect  on  the  catalytic  activity  of  Pt-Ni/C  of  both  Pt  sur¬ 
face  enrichment,  causing  the  loss  of  the  positive  effect  of  Ni  on  the 
ORR  activity,  and  particle  size  increase.  LSV  measurements  after  RPC 
showed  a  slightly  higher  ORR  activity  of  Pt/C  than  that  of  Pt-Ni/C 
(see  Fig.  12),  in  agreement  with  the  results  of  CA  measurements  on 
samples  submitted  to  RPC.  The  slightly  higher  ORR  activity  of  the 
Pt/C  catalyst  has  to  be  ascribed  to  the  higher  Pt  content  in  the  elec¬ 
trode:  being  total  metal  amount  in  the  cathode  0.4  mg  cm-2,  in  the 
case  of  pure  Pt  the  Pt  loading  is  0.4  mg  cm-2,  while  in  the  case  of 
Pt-Ni/C  the  Pt  loading  is  about  0.29  mg  cm-2. 

The  histogram  of  the  steady-state  current  density  of  oxygen 
reduction  from  CA  of  Pt-Ni/C  and  Pt/C  catalysts  before  and  after 
the  stability  tests  is  shown  in  Fig.  13a,  and  the  histogram  of  the 
difference  in  the  steady-state  current  densities  at  0.8  V  before  (i0) 
and  after  (ia t)  ageing  tests  for  Pt/C  and  Pt-Ni/C  is  shown  in  Fig.  13b. 
As  can  be  seen  comparing  Figs.  9  and  12,  in  the  case  of  Pt/C  the 
decrease  of  the  steady-state  current  density  of  oxygen  reduction 
is  independent  of  the  type  of  stability  test,  depending  only  on  the 
increase  of  particle  size.  For  the  Pt-Ni/C,  instead,  the  decrease  of  the 
steady-state  current  density  of  oxygen  reduction  depends  on  the 
type  of  durability  test.  As  discussed  above,  during  30  h  of  constant 
potential  operation  at  0.8  V  the  loss  of  NiOx  balances  the  increase 
in  particle  size,  while  during  RPC  Pt  surface  enrichment  and 


Fig.  10.  Current  density  at  0.6  V  by  LSV  for  Pt-Ni/C  and  Pt/C  electrocatalysts  vs. 
constant  potential  time. 


Fig.  12.  Linear  sweep  voltammetry  measurements  at  room  temperature  in  0.5  M 
H2SO4  on  Pt-Ni/C  and  Pt/C  electrocatalysts  following  repetitive  potential  cycling. 
Current  densities  normalized  with  respect  to  the  geometric  surface  area. 
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(a) 


(b) 


Fig.  13.  (a)  Histogram  of  the  steady-state  current  density  of  oxygen  reduction  from 
CA  of  Pt-Ni/C  and  Pt/C  catalysts  before  and  after  stability  tests,  (b)  Histogram  of 
the  difference  in  the  steady-state  current  densities  at  0.8  V  before  (i0)  and  after  (iat) 
ageing  tests  for  Pt/C  and  Pt-Ni/C. 

particle  size  increase  cause  a  more  severe  negative  effect  on  ORR 
activity. 

Summarizing,  the  change  in  the  ORR  activity  of  the  Pt-Ni/C 
catalyst  following  durability  tests  is  due  to  both  the  ‘physical’  mod¬ 
ification  of  the  electroactive  Pt  surface  area  by  particle  growth  and 
NiOx  loss,  and  the  chemical  modification  of  the  catalyst  surface  by 
substitution  of  the  Pt-Ni  alloy  with  Pt.  As  the  ORR  activity  loss  of 
Pt-Ni/C  depends  on  the  durability  test,  it  is  not  possible  establish 
an  order  of  stability  between  Pt/C  and  Pt-Ni/C. 

4.  Conclusions 

Carbon  supported  Pt  and  Pt-Ni  (1:1)  were  prepared  by  reduc¬ 
tion  of  Pt  and  Ni  precursors  with  NaBH4,  and  submitted  to  durability 
tests.  As-prepared  Pt-Ni  catalyst  presented  higher  ORR  activity  than 
Pt.  Following  30  h  of  constant  potential  operation  at  0.8  V  loss  of  all 
non-alloyed  Ni,  partial  dissolution  of  the  Pt-Ni  alloy  and  an  increase 
of  the  crystallite  size  was  observed  for  the  Pt-Ni/C  catalyst.  The  ORR 
activity  of  the  Pt-Ni/C  catalyst  was  almost  stable,  whereas  the  ORR 
activity  of  Pt/C  slightly  decreased  with  respect  to  the  as-prepared 
catalysts.  This  result  was  ascribed  to  the  positive  effect  of  NiO*  loss 
counteracting  the  negative  effect  due  to  particle  size  increase.  After 
repetitive  potential  cycling,  instead,  the  ORR  activity  of  the  Pt-Ni/C 
catalyst  was  lower  than  both  as-prepared  Pt-Ni/C  and  cycled  Pt/C. 
This  result  depends  on  the  negative  effect  of  both  Pt  surface  enrich¬ 


ment,  causing  the  loss  of  the  positive  effect  of  alloyed  Ni  on  the 
ORR  activity,  and  particle  size  increase.  Summarizing,  while  the 
ORR  activity  loss  of  Pt/C  under  PEMFC  conditions  is  independent  of 
the  ageing  test  that  of  Pt-Ni/C  strongly  depends  on  the  durability 
experiment.  So  it  is  not  possible  to  affirm  that  Pt-Ni/C  is  more/less 
stable  than  Pt/C  without  indicating  the  type  of  stability  test  used  to 
make  the  comparison. 
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